A baculovirus expression vector derived from the basic protein promoter of

Autographa californica nuclear polyhedrosis virus
Michele S. Hill-Perkins and Robert D. Possee* NERC Institute of Virology and Environmental Microbiology, Mansfield Road, Oxford OXI 3SR, U.K. The basic protein of Autographa californica nuclear polyhedrosis virus (AcMNPV) is associated with virus DNA in virion nucleocapsids and is produced in infected cells during the late phase of gene expression. A transfer vector was constructed containing the flgalactosidase gene, under the control of a copy of the putative basic protein promoter, in place of the polyhedrin gene within the AcMNPV EcoRI fragment I. After cotransfection of Spodoptera frugiperda cells with the transfer vector and infectious AcMNPV DNA, polyhedrin-negative recombinant viruses were selected which expressed high levels of fl-galactosidase. Radiolabelling of infected cell proteins showed that flgalactosidase was expressed at the same time as the viral basic protein, between 8 to 24 h post-infection, with a peak synthesis at 12 to 15 h. These results demonstrated that the temporal regulation of the basic protein promoter was not affectedby its position within the virus genome. Furthermore, a new baculovirus vector system is now available for high level expression of foreign genes at earlier times in infected cells.
Gene expression in baculovirus-infected cells has been subdivided into four temporal phases: immediate early, early, late and very late (Kelly & Lescott, 1981) . The highly successful baculovirus vector system utilizes the very late promoter of the polyhedrin gene from the Autographa californica multiple nucleocapsid nuclear polyhedrosis virus (AcMNPV), or from Bombyx mori MNPV, to drive expression of foreign genes in infected cells (reviewed by Luckow & Summers, 1988; Miller, 1988) . Further developments of this system have made use of the promoter from the AcMNPV pl0 very late gene to produce fl-galactosidase (from the lacZ gene) protein in Spodopterafrugiperda cells (Vlak et al., 1988; Williams et aL, 1989) . The strategy for developing expression vectors from both genes has involved retaining the promoters, while deleting the coding sequences and replacing them with the foreign gene chosen. A consequence of this is that the recombinant viruses lack the polyhedrin or p 10 gene products; fortunately both are dispensable for virus replication (Smith et al., 1983; Vlak et al., 1988; Williams et al., 1989) . A logical progression from these studies is to make use of other baculovirus gene promoters in expression vectors and thereby extend the versatility of the system.
One such candidate is the gene encoding the basic protein, a structural core protein found closely associated with the virus DNA within the nucleocapsid (Tweeten et al., 1980; Bud & Kelly, 1980) . It has an apparent Mr of approximately 12.5K, and is rich in the basic amino acid arginine. The protein is probably virus-encoded as Wilson et al. (1987) identified an open reading frame in the HindIII H/EcoRI D region of the AcMNPV genome which could encode an arginine-rich 6.9K protein.
Similar results were obtained from our own studies (M. S. Hill-Perkins & R. D. Possee, unpublished data). Furthermore, a synthetic peptide of the predicted 6-9K translation product induced antibodies in rabbits which reacted with the basic protein from purified virus particles in Western blot analyses (Wilson, 1988) . The discrepancy in the Mr values determined from polyacrylamide gels and the predicted size from the DNA sequence was attributed to the aberrant migration of highly basic proteins in polyacrylamide gels (Wilson et al., 1987) . The basic protein is first detected at 6 to 12 h post-infection (p.i.), but is maximally synthesized between 12 to 24 h p.i. and is one of the seven most abundant virus-induced proteins in infected cells (Rohel & Faulkner, 1984) . In this report we describe the construction and utilization of an expression vector developed from this gene promoter.
It was considered unlikely that replacing the basic protein gene of AcMNPV with a foreign gene would yield a viable virus recombinant, since this polypeptide appears to be associated intimately with the packaging of virus DNA (Tweeten et al., 1980; Bud & Kelly, 1980) . Therefore, it was considered prudent to duplicate the basic protein promoter in an alternative position within the virus genome which would not affect virus replica-0000-9112 © 1990 SGM tion. The precedent for this is the duplication and efficient functioning of the polyhedrin promoter within the AcMNPV genome, albeit at a position very close to the original promoter (Emery & Bishop, 1987) . The site chosen for the second copy of the basic protein promoter was the region of the polyhedrin gene, where deletion of the polyhedrin coding sequences (Smith et al., 1983) or promoter elements (Possee & Howard, 1987) do not affect virus replication.
The HindlII fragment H of AcMNPV DNA (C6 strain; Possee, 1986 ) was inserted into pAT153, using standard procedures (Maniatis et al., 1982) , to give pAcHH. This was digested with Asp718 (an isoschi-zome~ of KpnI) to produce three fragments; the smallest of these (364 nucleotides) was sequenced and shown to contain the putative basic protein promoter, transcription initiation site and the 5' end of the coding sequences ( Fig. 1 and 2). The following differences were noted between our sequence and that determined by Wilson et al. (1987) : the nucleotides C, A, T, A, A, T, A and A at positions 263, 251, 245, 241, 232, 223, 218 and 206 respectively in our sequence are not present in that reported by Wilson et al. (1987) . This fragment was inserted into pUC18 at the Asp718 site to produce pBPP (Fig. 2) .
The construct pBPP was partially digested with DraI (0.1 to 0-5 units per p.g at 37 °C for 1 h). The linear component of this digestion was resolved in a low gelling temperature (LGT) agarose gel, and purified from the melted agarose (Possee & Kelly, 1988) . The linear molecule was then treated with calf intestinal phosphatase (CIP) (Maniatis et al., 1982) , and ligated with two complementary, phosphorylated oligonucleotides (5'AAACGGATCC3' and 3'TTTGCCTAGG5') produced using an Applied Biosystems oligonucleotide synthesizer. The recircularized molecules were used to transform Escherichia coli JM 105 cells, and recombinant plasmids were isolated containing the synthetic oligonucleotide inserted at the single DraI site within the basic protein promoter. Insertion of the oligonucleotides within the basic protein 5' mRNA leader sequence in the desired orientation restored the DraI site and created an additional BamHI site at the normal position of the ATG translation initiation codon (Fig. 1 ). This plasmid, designated pBPP-Bam (Fig. 2) , was digested with BamHI to release a fragment of 340 nucleotides containing the putative basic protein promoter and a small region of the pUC 18 polylinker. This fragment was inserted into the BgllI site of pAcRP277 to produce pAcMPl.lacZ. The construct pAcRP277 was derived previously by inserting the lacZ gene cassette into pAcRP23+8 (Possee & Howard, 1987) digested with BglII and BamHI and treated with CIP to remove the polyhedrin promoter (Fig. 2) . The transfer vector Fig. 1 . Nucleotide sequence of the basic protein promoter. The sequence of the 364 bp fragment produced by Asp718 digestion of pAcHH is shown. It contains the transcription initiation start site (T) and the 5' end of the basic protein gene-coding sequences; the amino acid residues are indicated above the DNA sequence beginning at + 1. The DraI site used to insert the synthetic oligonucleotide and thus create a BamHI site at the normal position of the ATG translation initiation codon is indicated (see Fig. 2 also) . The sequence of the oligonucleotide is shown in the bottom line.
pAcMP1 was derived by inserting the 337 bp basic protein promoter fragment, described above, into the BgllIand BamHI-digested pAcRP23 + 8. The transfer vector pAcMP1 .lacZ, containing the flgalactosidase gene under the control of the basic protein promoter, was coprecipitated with infectious AcMNPV DNA and used to cotransfect S. frugiperda cells (Possee, 1986) . The cells were harvested after 2 days and the progeny virus particles were retitrated in a plaque assay. Plaques containing recombinant viruses expressing flgalactosidase were identified by incubating the plates with Xgal (Possee & Howard, 1987) . Recombinant plaques turned a blue colour within 1 h incubation at 28 °C; those which lacked polyhedra were isolated and further purified by four rounds of titration in S. frugiperda cells. Large stocks of the genetically homogeneous recombinant viruses were obtained by propagation in suspension cultures of the same cells.
To verify the identity of the recombinant virus, DNA was prepared from AcMP1. lacZ (Possee, 1986) , digested with EcoRI and the fragment containing the lacZ gene and basic protein promoter was purified using an LGT agarose gel. This was digested with Asp718 to release the promoter fragment and the amino terminus of the lacZ gene. This fragment was inserted into M13mpl9 for sequencing by the chain termination method (Sanger et al., 1977) to confirm the predicted sequence shown in Fig. 1 .
The efficiency of the basic protein promoter in directing foreign gene expression was assessed by inoculating cells with AcMP1 .lacZ, AcRP23.1acZ or . 1) is represented by the hatched box with the direction of transcription indicated by the short   arrow; the polyhedrin polyadenylation signal (Howard et al., 1986) is shown by the arrowhead. Restriction enzyme sites: A, Asp718; B,  BamHI; Bg, BgllI; B/Bg, BamHI/BgllI fusion; D, DraI; E, EcoRI; X, XhoI. Oligo, synthetic oligonucleotide inserted to modify the putative promoter sequences (see Fig. 1 ).
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(a) 1 2 3 4 5 6 7 8 9 10 11 12 (b) 6) , or AcMP1. lacZ, with the lacZ gene under the control of the basic protein promoter (lanes 7 to 12) . The cells were incubated at 28 °C until 8, 12, 15, 18, 24 and 30 h.p.i. (lanes 1 to 6, AcRP23.1acZ; lanes 7 to 12, AcMPI .lacZ). Infected cells were pulse-labelled with [a4C]arginine and analysed in a 10 to 30~ polyacrylamide gradient gel. fl-gal, fl-galactosidase; (b) Expression of polyhedrin protein (P) by AcMNPV. Cells were infected with AcMNPV and pulse-labelled at the times described above (lanes 1 to 6) .
AcMNPV at a high m.o.i, and pulse labelling with [ ~ 4C]arginine (Kelly & Lescott, 1981) . Fig. 3 (a) shows an autoradiograph of 10 to 3 0~ polyacrylamide gradient gels (Cook et al., 1979) analysing virus-induced proteins in cells infected with AcMPI.lacZ, AcRP23.1acZ or AcMNPV and pulse-labelled for 1 h at various times between 8 and 30 h p.i. The fl-galactosidase gene, under control of the basic protein promoter, was first expressed in AcMPl.lacZ-infected cells at 8 h p.i. Thereafter, expression increased rapidly so that between 12 and 15 h p.i. this polypeptide formed a major component of the radiolabelled cell protein. At 18 h p.i. synthesis of flgalactosidase was reduced and by 24 h p.i. very little was being made; at 30 h p.i. it was undetectable. Concurrent with the production of fl-galactosidase by AcMP 1. lacZ was the synthesis of the virus-encoded basic protein.
From the data presented here, together with other similar experiments not shown, we conclude that both the native virus basic protein and the fl-galactosidase gene product were synthesised at the same time in infected cells. In contrast, cells infected with AcRP23.1acZ, containing the fl-galactosidase gene under the control of the polyhedrin promoter, did not produce detectable amounts of fl-galactosidase protein until 12 h p.i. Maximum rates of synthesis were attained by 18 h p.i. and continued until 24 h p.i.; at 30 h p.i. incorporation of the radiolabel declined significantly but it was clear that the protein was still being produced. Fig.  3(b) features a similar experiment with unmodified AcMNPV; the expression of the basic protein by this virus follows the same kinetics as seen with the previous two virus recombinants. However, the expression of the polyhedrin protein was apparently initiated at 15 h p.i., some 3 h later than that of/3-galactosidase under the control of the polyhedrin promoter. Expression of polyhedrin also appeared to continue at very high levels until 30 h p.i. ; this is in contrast to the experiment with AcRP23. lacZ, where synthesis at 30 h p.i. had decreased significantly. This may be attributable to the high concentration of /%galactosidase protein in the cell having a toxic effect, or a feedback mechanism inhibiting synthesis. In cells infected with the wild-type AcMNPV the polyhedrin protein crystallizes within the nucleus and is probably unable to affect biosynthetic processes.
To compare the total yield of recombinant protein in cells infected with A c M P I . l a c Z and AcRP23.1acZ, extracts from cells infected with these two viruses were analysed in gradient polyacrylamide gels which were stained with Coomassie blue (Fig. 4) . These data indicated that although the final yield of//-galactosidase in AcMP1. lacZ-infected cells was lower than that from cells infected with AcRP23.1acZ, it still constituted a major proportion of the cell proteins. A baculovirus expression vector derived from the AcMNPV basic protein promoter has been produced and used to synthesize high levels of fl-galactosidase protein in S. frugiperda ceils. One advantage of this vector is that foreign proteins may be expressed in infected cells at earlier times (12 h p.i.) than is possible with the standard baculovirus vectors based on the polyhedrin promoter. The amount of foreign protein produced is comparable to that of the normal basic protein gene product; furthermore the kinetics of synthesis are very similar.
The factors controlling the temporal expression of baculovirus genes have yet to be elucidated. It is unclear whether the transition to the very late phase is governed at the level of transcription or translation. Although we have not addressed this issue in these experiments it is worth considering that the synthesis of both the basic and the fl-galactosidase proteins decreased significantly by 24 h p.i. However previous reports from Rohel & Faulkner (1984) and Wilson et al. (1987) showed that m R N A specific for the basic protein gene was still present in infected cells at high levels after 24 h p.i. This suggests that the polyhedrin-encoding mRNA may be more efficient at binding to ribosomes and in initiating translation. Clearly, more work is required to resolve this subject.
This new vector may also be advantageous when producing proteins requiring extensive post-translational modification (e.g. glycosylation and proteolytic cleavage), since the cell may be better equipped to carry out such processes earlier in infection. Very late in infection the cells are committed to the synthesis of polyhedrin and p 10 proteins; apparently neither requires extensive post-translational modification. Although the vectors based on the very late gene promoters certainly appear able to process foreign gene products correctly in the infected cell, there is some evidence that in the case of glycosylation this process does not entirely mimic the normal mammalian cell. For example, the influenza virus haemagglutinin protein produced in insect cells is of a lower apparent Mr than the same product in mammalian cells (Kuroda et al., 1986; Possee, 1986) . Kuroda et al. (1986) concluded that the oligosaccharide side-chains added to the insect cell-derived protein were not identical to those attached in the vertebrate cells. The vector described in this report will allow comparisons to be made between processing of glycoproteins at different times after infection.
The basic protein expression system will also have advantages when constructing genetically engineered virus insecticides. It will now be feasible to express insect-specific toxins and hormones in the infected insect at earlier times than would be possible with the polyhedrin or pl0 expression systems, possibly hastening the effect on the target insect. The vector will also be useful in the design of multiple expression systems using the basic protein, polyhedrin and pl0 promoters. It will be possible to express genes in an ordered sequence and thus permit the prior synthesis of proteins which can then play a role in processing those produced later in the infection cycle.
